Exclusive pseudoscalar meson production in ep scattering at high energies is a direct probe for a possible "odderon" exchange in soft hadronic processes. Using a simple phenomenological ansatz for the odderon, we demonstrate how it can be separated from the contribution due to photon-photon fusion, and the relevant parameters be measured. Total cross sections and differential distributions are presented for π 0 , η, η ′ , and η c production. Results are given from both a full calculation and one using the equivalent photon approximation. The accuracy of the latter is discussed.
Introduction
Although QCD is well established as the theoretical framework of hadronic phenomena, it has remained a great challenge to derive results for soft hadronic interactions from first principles, i.e., starting from the Lagrangian of QCD. In particular, one would like to understand highenergy diffractive reactions. Pioneering work in this direction using perturbation theory can be found in [1] [2] [3] [4] . A more general framework was developed in [5] [6] [7] [8] , where both nonperturbative and perturbative effects can be treated. In this way, a description of high-energy diffractive reactions in terms of the vacuum parameters of QCD and of hadron extension parameters was achieved, which gives very satisfactory agreement with experimental results [7] .
On the other hand, high-energy reactions can be described by a Regge-pole model (for reviews, cf. [9] ). Its application to diffractive reactions is very successful ( [10] , cf. also [11] ). For simplicity, in this paper we will use Regge-pole parameterizations for the hadronic amplitudes occuring in our calculations.
Consider, for instance, elastic scattering of two hadrons h 1,2
and let s, t, u be the usual Mandelstam variables
The Regge-pole ansatz for the T -matrix element of reaction (1) reads as follows:
Here the individual terms correspond to the Regge poles which can be exchanged in the reaction (1), and α i (t) are their trajectories which turn out to be linear to a good approximation:
While the parameters α i (0) and α ′ i which govern the s and part of the t dependence are observed to be universal, the coupling parameters c i containing the spin and signature factors and Regge residues depend on the hadrons participating in the particular process considered. The scale factor needed for dimensional reasons is denoted by s 0 . Each Regge pole is associated with a family of hadrons exchanged [9, 12] .
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The Regge pole corresponding to the leading term in (3) for s → ∞ is called the pomeron.
Typical values for its parameters are [10] α P (0) = 1.08, α ′ P = 0.25 GeV −2 .
The pomeron has vacuum quantum numbers, in particular charge conjugation C = +1. The simplest description of such an interaction in perturbative QCD is by two-gluon exchange [1] .
Thus, one expects the pomeron to be associated to a family of glueball states, the lowestlying one of these having quantum numbers J P C = 2 ++ . Lattice calculations [13] support a mass for this state around 2 GeV which would fit nicely onto the pomeron trajectory [14] .
The experimental situation concerning 2 ++ glueball states is summarized in [11] . Detailed theoretical investigations of the pomeron in perturbative QCD can be found in [15, 16] .
A natural question is whether there exist effects in high-energy hadron-hadron scattering where the s-dependence is similar to the one induced by the pomeron, but which are connected with C = −1 exchange. In the framework of the Regge-pole model, the corresponding object has been called the odderon [17] [18] [19] [20] . Various possibilities were discussed for it, ranging from a moving pole, similar to the pomeron case, to exotic possibilities such as two complex poles [18] .
In perturbative QCD, an odderon arises in diagrams where three or more gluons are exchanged.
Indeed, both in perturbative [21] [22] [23] [24] and in nonperturbative [6, 25] calculations one finds no reason for the odderon contribution to be particularly small in quark-quark scattering. [However, since free quarks do not exist, this process cannot be studied by itself in experiments.] On the other hand, no odderon has so far been observed in hadron-hadron elastic scattering (1) for s → ∞, |t| small. Possible resolution of this puzzle have been proposed in [26, 27] .
Thus, experimental searches for the odderon are clearly worthwhile. Evidence for either the presence or absence of such effects will give important clues on the structure of diffractive interactions in QCD.
In [28] it has been pointed out that exclusive pseudoscalar meson production in e ± p collisions at high energies (for HERA: √ s = 300.6 GeV) is a direct probe for the odderon ( Fig.1 ):
where PS generically denotes a meson with the quantum numbers J P C = 0 −+ , in particular, PS = π 0 , η, η ′ , or η c . Since the quantum numbers exchanged in the hadronic interaction 2 (a) [ Fig.1(b) ] are those of the photon, the process (6) can proceed also via photon-photon fusion
[ Fig.1(a) ]. Here and in the following we always work in leading-order perturbation theory of the electroweak interactions. Adopting standard parameterizations for the proton and meson form factors, the diagram in Fig.1(a) can easily be calculated. Note that the exchange of an object with vacuum quantum numbers, i.e., of the pomeron, is forbidden in reaction (6) .
In the present paper we will extend the considerations in [28] and study, from a purely phenomenological point of view, the effect of an odderon interaction on the process (6) and the possibilities to extract detailed information about its properties.
The kinematical variables are as indicated in Fig.1(a) . In addition, in accordance with the usual notation for deep-inelastic scattering processes, we introduce the fractional energy loss of the electron
where 0 ≤ y ≤ 1.
If the outgoing proton is not observed, the signal consists of the outgoing electron and of the decay products of the PS particle, e.g., a γγ pair. The numbers and distributions presented in the following sections refer either to the complete phase space or to two particular sets of cuts appropriate for the HERA environment [29] defined and denoted as follows: [11] .
where
Meson form factor parameterization
The coupling of a pseudoscalar meson PS = π 0 , η, η ′ , η c to two photons has the form
where, by definition, T (0, 0) = 1. The dimensionful coupling constant u is related to the triangle anomaly. In terms of the meson decay constant f PS , it is given by
We choose a convention where f π = 93 MeV, α ≡ e 2 /4π is the fine-structure constant, and e the proton charge. From (10,11) we find for the partial width Γ γγ for PS → γγ:
For our numerical results we use thus
with Γ γγ taken from experiment (cf. Tab.1).
The form factor T (q (14) . The dashed and dotted curves correspond to the double pole form (15) and the interpolation formula (18) , respectively. compare the shape of the above form factor expressions for two fixed values of q (18) lies considerably higher than the naive double pole ansatz (15), which we use as standard parameterization in the following. However, we find that if the alternative form factor (18) is inserted, the shift in the cross section values and distributions discussed below is numerically below 1% in all cases.
Results for the two-photon process
Once the form factors are given, the photon-photon amplitude [ Fig 
is the phase space function for the subprocess γ * γ * → PS. We have assumed that the azimuthal angles of the outgoing particles are not observed. The probabilities for photon emission off the 6 initial electron/positron and proton, are given by ρ ++ e and ρ ++ p , respectively, with
The coefficient functions C and D are determined by the electric and magnetic form factors of the proton:
We use the standard dipole parameterization
with m 2 D = 0.71 GeV 2 and µ p = 2.7928 [37] .
Finally, we note that longitudinal photon polarizations do not contribute in (19) due to the coupling (10).
For the calculation of two-photon processes, equivalent-photon approximations (EPA) are commonly used. Therefore, in the following sections we compare two different versions of the EPA with a numerical integration of the exact expression for the cross section, and discuss the accuracy of the approximations in various kinematical regions.
Double Equivalent Photon Approximation (DEPA)
Since the dominant contribution to the γγ-fusion process arises from the region in phase space where both photon virtualities are small, i.e.,
ρ , an estimate for the total cross section may be found from the DEPA [36] . Introducing the fractional energy losses
of the incoming e ± (i = 1) and proton (i = 2), the total cross section is given by
with the photon fluxes
where µ i is the magnetic moment of the incoming e ± resp. proton. The photon virtualities t i have been integrated over the range
where m 1,2 is given by m e and m p , respectively. Within the validity of the DEPA, it is legitimate to replace the detailed t i dependence of the meson and proton form factors by an appropriate sharp cutoff Λ 2 .
The delta function in (26) 
which depends on x 1 and x 2 .
Within the validity range of the DEPA, the following simplifications apply (cf. Fig.1 ):
Furthermore, the rapidity of the produced pseudoscalar has the value
where η cm is the rapidity of the c.m. system of the incoming particles. [At HERA, η cm = 1.69, where we choose the usual convention that the initial proton momentum points in positive
Single Equivalent Photon Approximation (EPA)
This approximation can be used in the photoproduction region where
small, but |t 2 | can become large. Then the DEPA is no longer applicable. However, the photon γ(q 1 ) emitted by the initial electron/positron is still essentially on-shell and may be treated within the EPA. The corresponding approximation to the total cross section reads
8 where
Here F 1,2 (t 2 ) are the Dirac and Pauli form factors, which are related to G E , G M by
The kinematic limits for the integrations in (32) are given by
and
The above formulae can easily be implemented in a Monte Carlo event generator, which we have used to generate the distributions in the PP region in the following sections. The error of the approximation depends on y; for y values of order unity, it is usually estimated as [36] ∆σ/σ ∼ Q 2 max
where Q 2 max = 0.01 GeV 2 for the PP cuts (8), and Λ is the effective cutoff which enters the PS form factor.
Full calculation
In order to have a reliable result in all regions of phase space, an exact integration of the squared matrix element (19) is necessary. This is nontrivial in practice since at the edge of phase space large cancellations occur in (19) . To obtain numerically stable results, we used the CompHEP [38] kinematical module with quadruple precision numerics for the integration and event generation 1 .
In Tab.2 we display the total cross sections for π 0 , η, η ′ , and η c production at HERA as well as the cross sections in the PP and DIS regions, using the three methods of calculation introduced above. Note that there is an overall error in the cross sections coming from the experimental uncertainty in the mesonic γγ width (cf. Tab.1) which amounts to 10% for π 0 , η, and η ′ , and is as large as 50% for the η c meson.
Whereas the DEPA is an approximation at the 20% level, the EPA gives quite accurate results, in particular in the PP region. It is interesting, however, that for π 0 photoproduction the standard formula (36) underestimates the actual error of the EPA by more than a factor 10.
This is due to the fact that the photon-proton scattering amplitude is singular at t 2 = 0, which introduces a logarithmic dependence on the lower kinematical limit of |t 2 |. For large s 2 this limit simplifies to
The EPA neglects the nonzero value of Q 2 . As a result, the EPA estimate has an additional error of magnitude
In the DIS region neither the DEPA nor the EPA are reliable, and we just quote the result from the full calculation.
Odderon exchange
Introducing now a possible odderon exchange contribution to (6) [cf. Fig.1(b) ], we make an ansatz similar to the one made in [10] for the pomeron. Thus, we assume the effective odderon "propagator" (Fig.3) to be given by
where α O (t) is the odderon trajectory which we assume to be linear
1 Recently, a Monte Carlo generator which includes the full kinematical dependence has been developed for the analogous γγ processes in e + e − collisions [39] . In (39), η O = ±1 determines the phase of the odderon amplitudes, which is not known a priori.
The odderon couplings are given as follows:
For the quark-odderon coupling (Fig.3b) we set
and for the proton-odderon coupling (Fig.3c )
Here
are the isoscalar nucleon form factors, and β O is the analogue of the quark-pomeron coupling constant β P of [10] . (39) and its couplings to quarks (41) and protons (42) . In the following we will neglect the neutron form factors in (43) and set
for simplicity. This is a good approximation for the Dirac form factor The difference of the ratios ρ of the real and imaginary parts of the forwardpp and pp scattering amplitudes is then given by
where we assume the model of [10] for pomeron exchange.
At energies
√ s 100 GeV where non-leading Regge pole contributions should be negligible,
we have results only for ρp p frompp collision experiments [40] . One has to resort to dispersion theory calculations (cf., e.g., [20] ) to extract ρ pp from data. We take as an estimate
To translate this into information on the ratio β O /β P we still need to know the value of α O (0) − α P (0) in (44). Assuming, for instance, α O (0) = 1, which is suggested by the field-theoretic arguments of [6] and the results of [22] , we get
Certainly, we do not claim this to be a bound on odderon contributions in pp andpp scattering.
But (46) should give an idea on the strength of a possible odderon in conventional Regge parameterizations.
Considering the ratio of the odderon and photon couplings to the produced meson, one naturally expects that the γγ coupling is proportional to the electromagnetic charge squared of the quark states within the meson, whereas for the γO coupling only a single charge factor enters, if the odderon is assumed to be flavor-blind. Thus, for a meson of quark content
in a valence quark model we draw for the γγPS and γOPS form factors T γγ [≡ T of (10) 
Within this valence quark model, the relative coupling strengths may then be derived by assuming that the pion is an isospin triplet, the η and η ′ are mixtures of SU(3) singlet and octet with mixing angle θ, and the η c is a pure cc state:
Since a SU(3) singlet decouples, in the limit θ = 0 the odderon coupling of the η ′ vanishes. In the following analysis we will take the value θ = −20
With these assumptions, the amplitude for the sum of the diagrams Fig.1(a,b) is obtained from the γγ-amplitude by a simple replacement for the term corresponding to the propagator of the photon γ(q 2 ):
Our ansatz depends on the quark-odderon coupling β O , on the phase η O , and on the three
As reference values we choose
where β P = 1.8 GeV −1 is the quark-pomeron coupling. The abbreviation turns out to be convenient for the presentation of our numerical results below.
By comparing the measured total cross sections in different channels with the expectation from photon-photon fusion alone, the odderon couplings can in principle be determined and the model values (49) be tested. In Fig.5 we display the values of the cross section in the photoproduction region as a function of the odderon coupling parameter c O . Clearly, the effect of the odderon on η ′ production is much weaker than on π 0 or η production. However, due to the experimental uncertainty in the value of Γ γγ (cf. Tab.1), the normalization of the photonphoton cross section is known only to 10% accuracy. Hence, in order to be sensitive to the odderon coupling strength, it is important to separate its contribution kinematically, as we will discuss in the following section.
Phenomenology
The most characteristic feature of the hadronic interaction in Fig.1(b) is the absence of the propagator pole in t 2 . In this respect, the hadronic vertex behaves similar to a four-particle contact term. Its presence should therefore manifest itself by an enhancement (or a reduction)
of events with large values of t 2 due to a constructive (destructive) interference of the two diagrams in Fig.1 . This is illustrated in Fig.6 , where we show the differential cross section Figure 6 : t 2 distribution for pion production in the PP region (8) .
with respect to the logarithm of t 2 for the PP cuts (8) . Whereas photon exchange results in a distribution in log |t 2 | which is constant over many decades, the hadronic contribution is concentrated in the region between 0.01 and 1 GeV 2 . Depending on the sign η O of the odderon coupling, there is positive or negative interference with the photon-photon fusion amplitude.
In diffractive scattering t 2 is usually not easily observable. However, in the photoproduction region where Q 2 ≈ 0, the transverse momentum squared p 2 ⊥ of the final-state meson is approximately equal to −t 2 . Thus, for negative sign, η O = −1, the odderon contribution shows up as an enhancement of the higher p ⊥ values (cf. Fig.7 ). If η O is positive, the odderon amplitude is of opposite sign to the photon-photon amplitude. This effect results in a dip in the p ⊥ distribution at the value where the interference is maximal.
The hadronic contribution is visible also in other observables: For instance, if the PP cuts are applied, the rapidity η of the final-state meson is bounded [cf. (31) ]
if t 2 can be neglected, which holds true for the bulk of the photon-photon cross section, but not for the odderon contribution. Thus, the odderon affects the tail in the rapidity distribution (Fig.8) , and a cut on η near η max is one possibility for separating the odderon contribution. A similar consideration applies to the invariant mass s 1 of the electron-meson system.
These signatures are essentially independent of the particular parameterization (50) we chose for the hadronic vertex. A more specific test of the odderon hypothesis would be to measure the parameters the ansatz (50) depends on.
dσ PP dp ⊥ Regge phenomenology predicts a power dependence on the hadronic subenergy:
For the pomeron, a value of α P (0) > 1 has been observed [10] . This behavior may also occur for the odderon; in addition, there are subleading contributions [e.g., an ω trajectory with
Compared to photon exchange, the hadronic contribution becomes dominant at asymptotic energies if α O (0) > 1, or "dies out" in the opposite case. In order to be sensitive to the exponent α O (0), the hadronic subenergy √ s 2 = W , or, equivalently, the electron energy loss y, should be measured over several decades. In Fig.9 we display the distribution in y for With sufficient statistics, the dependence on t 2 can be determined from the meson's p ⊥ distribution, and the odderon form factors can be measured. In Fig.10 we show the influence of the value of the parameter α 
Transition to the hard region
In vector meson production at HERA, deviations from the universal "soft pomeron" behavior are observed whenever there is a hard scale which limits the effective transverse size of the interaction region [41] . In particular, if either the initial photon has a high virtuality or the produced meson has a large mass (e.g., J/ψ, Υ) in comparison to the typical hadronic scale ∼ 1 GeV, the dependence on s becomes steeper.
A similar transition to the hard region should also be observable in the processes considered in this paper. As illustrated in Fig.11 , in the DIS region the effect of an increase in the exponent α O (0) shows up as a broadening of the p ⊥ distribution, since an enhancement of the odderon contribution with respect to the γγ amplitude allows for higher values of the momentum transfer t 2 . If the p ⊥ distribution in the DIS region is compared to the corresponding distribution in photoproduction, it is possible in principle to isolate the effect of a hard scale in the interaction. Furthermore, the transition form factor of the η c meson is expected to decrease more slowly than the form factors of the light mesons [34] . For this reason, the production cross section for the η c meson in the DIS region is of comparable size to the cross section of light pseudoscalar mesons (cf. Tab.2), and the observed η c production rate can serve as another observable rates considerably, similar to the photoproduction case as illustrated in Fig.9.] 
Conclusions
In this article we have discussed in detail exclusive pseudoscalar meson production in e ± p scattering at HERA energies. For the contribution from γγ-fusion we gave numerical values obtained from two versions of the equivalent photon approximation: (i) applied to both the photon from the electron line and the proton line (DEPA) and (ii) applied to the photon from the electron line only (EPA). The full calculation showed that DEPA (EPA) give accuracies of order 20% (< 5%) for total cross sections without cuts and with photoproduction cuts (8) . For the deep-inelastic scattering cuts (9) only the full calculation is reliable 3 .
In Sec.4 we introduced a simple ansatz for a possible odderon exchange contribution to exclusive pseudoscalar meson production. We showed how this odderon affects total cross sections and differential distributions. Interference effects are large in the parameter region of interest and have been taken into account. Particularly promising as signals for the odderon are the t 2 and p ⊥ distributions (Figs.6-7) . A larger acceptance in the variable y (7) than assumed 3 The Monte Carlo programs used for the calculations are available from the authors.
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in (8, 9) would increase the cross sections considerably (Fig.9 ). This would lead to a greatly increased potential for finding the odderon and determining its parameters.
In the HERA kinematical situation, events with Q 2 10 GeV 2 and 0.03 y ≤ 1 correspond to a hadronic energy W between 50 and 300 GeV. This should be large enough for non-leading Regge terms to be suppressed. However, it is straightforward to include such terms in the theoretical formulae for a detailed analysis of experimental data.
The cross sections we have calculated for pseudoscalar meson production at HERA are between 0.5 and 1800 pb, depending on the produced meson and on the particular cuts imposed (cf. Tab.2 and Fig.5 ). With an integrated luminosity of 30 pb −1 per year such processes should definitely be observable and give valuable insight in the mechanisms of diffraction in QCD.
